In this study the nanostructure formation on vanadium surfaces due to laser irradiation in air, water, and ethanol ambients is investigated. Two laser systems have been used for the nanostructure creation with rather different pulse lengths (Ti:sapphire laser: 22 fs and XeCl-dye laser: 0.6 ps). Depending on the different ambient and different pulse durations the morphology of vanadium surface showed significant differences. In case of the fs laser pulses periodic ripple-like structures developed whose periodicity strongly depended on the applied ambient. In case of sub-ps pulses columnlike structures were observed. The nanostructure formation is discussed in terms of energy coupling between the electron phonon subsystems of the material and the properties of ambient.
Introduction
Surface structure of solid state materials significantly influences several of their important properties, such as the optical behavior and chemical reactivity [1, 2] . Therefore, along the application possibility of structured surfaces, surface modification and examination became an important part of today's materials physics. For example surfacemodified metals and metal oxides are good candidates to build different types of nanosensors or large surface chemical catalytic reactors [3] [4] [5] . Surface modification can be performed using chemical reactions with different kinds of acid and alkaline solutions. The chemical etching gives fast results, but it has some unwanted consequences, such as the toxicity of the used materials or the low controllability of these processes. To avoid these problems the laser-based methods, e.g., liquid phase pulsed laser ablation (LP-PLA) [6] seems to be a good candidate for surface modification besides the pure laser treatment in air. In this method the application of toxic materials can be avoided, and clear, controlled surface nanostructures can be produced [7] [8] [9] [10] .
Vanadium is a possible candidate for developing chemical gas sensors and chemical catalyst materials after surface oxidization [8, 11, 12] , especially in the V 2 O 5 phase. Hence, a lot of studies have been devoted for its laser-based production [13] [14] [15] [16] and preparation in thin film forms [17] .
It is inevitable to achieve large surface area -volume ratios for efficient sensor and catalytic films/surfaces. In this study we have examined the surface structuring of pure vanadium surface in order to obtain samples with increased roughness and thus large surface areas. Characterization of the surfaces was performed in terms of its' fractal dimension and its' coverage by micron sized structures as both quantities are good indicator of roughness.
Experiments
In our experiments, vanadium surfaces were irradiated with two kinds of lasers in different ambients. Pulses from both laser sources were perpendicularly directed to the surface by alumina mirrors and a plane-convex lens. The mirrors reflected the beam under 45 angles of incidence. The lens was positioned just above the vanadium surface nearly at its focal length (10 cm) to get a narrowed beam on the surface with an almost elliptical shape. In all cases the main axes of the ellipse were 100 and 150 µm, respectively. The first laser source was a unique laser system. This is built up of a XeCl excimer oscillator and a dye laser system [18] . The wavelength, pulse energy, and pulse duration (full width at half maximum -FWHM) were: 496 nm, 150 µJ and 600 fs, respectively. This laser is referenced as a sub-ps laser in the following. The second laser is a commercially available Ti:sapphire laser oscillator, referenced later as a fs laser whose wavelength, pulse energy and pulse duration were 800 nm 260 µJ and 22 fs, respectively. The applied ambients were air, distilled water, and 96 % ethanol. All of the used materials were laboratory purity provided from commercial partners. The vanadium surface was cleared in ultrasonic bath using ethanol before the laser treatment. It was ensured that the liquid ambients had exactly the same thickness in all cases, controlled by the volume of the liquids. The sample holder was made of polytetrafluoroethylene (PTFE) to prevent any chemical interaction. After the laser treatments the surfaces were dried in air.
The surface morphology was examined by scanning electron microscopy (SEM). A Hitachi S-4700 type electron microscope was used for surface examination. The normal operating mode was selected and the electron current and accelerating voltage were 10 µA and 20 kV, respectively. For analysis of SEM images the ImageProPlus and ImageJ DOI: 10.2961/jlmn.2014.01.0010 softwares were used: for the quantitative analysis of the surface roughness the fractal dimension of the images were calculated using the box counting method (Hausdorf dimension) [19] . The coverage of the surface with nanostructures was also determined by calculating the ratio of black and white pixels, after the segmentation of the images. Finally in case of the fs laser-treated samples the SEM images were analyzed using fast Fourier transformation (FFT) to get information about the frequencies of the periodic structures on the surfaces. For this purpose 512 pixel ×512 pixel sized images were cropped and Fast Fourier transformed from the original SEM images.
Results
The application of sub-ps and fs pulses results in significantly different structures. First, the outcome of the sub-ps experiments will be presented which will be followed by the results of the fs case.
The picosecond case
In Fig. 1 . electron microscope images of the samples prepared with the sub-ps laser in different ambient with different pulse numbers is presented.
When the irradiation was performed in air, column-like structures appeared at the edge of the irradiated spot, while in the middle a melted texture is observed (droplet-like structures in Fig. 1. a1) ), and at the highest pulse numbers even the sample was damaged ( Fig. 1. a2) ). Columns develop in the whole irradiated spot in case of liquid ambient. The texture emerges in case of water only at higher pulse numbers ( Fig.1. b2) ), while columns are most pronounced in case of the samples prepared in ethanol (Fig. 1. c1-2) ). In all liquid ambients the higher pulse numbers increases the area of the columns, and clustering of the structures was observed. In order to quantitatively describe these observations the fractal dimension of the images and the coverage were calculated.
Before presenting the results of these calculations we have to note that the critical parameter during the image analysis was the selection of the appropriate threshold level for segmentation of the image. In Fig 2.a. and b. the fractal dimension and coverage of a series of samples prepared in ethanol as a function of threshold level is presented.
In both cases the moderate threshold values (between 150 and 220 grayscale values) do not change the observed tendencies among the samples.
Therefore, later on the 170 grayscale value was chosen as a segmentation threshold, except for the images belonging to the samples treated in air with sub-ps laser pulses when the value of 220 had to be chosen. Fig. 3 a) shows the fractal dimension of the SEM images. As it can be seen the fractal dimension increases with pulse number in case of the water-treated sample. After a steep increase at lower pulse numbers, the fractal dimension of samples prepared in ethanol slightly decreases. In case of the samples prepared in air, the highest pulse numbers causes direct ablation in the middle of the laser spot (c.f. Fig. 1 a2) ). This is unfortunately followed by the evaporation of the column-like structures, therefore a decrease in the fractal dimension vs. pulse number plot is observed, showing that roughness decreases. (For the analysis of the air-treated samples the destruction in the middle of the spot was excluded from the image.) Fig. 3 b) shows the coverage of the surface with the column like structures. As it can be seen the fractal dimension data and coverage data behave similarly when following the changes within the certain sample series: coverage increases with pulse number in case of water-treated samples, and after an increase at lower pulse numbers, the coverage of samples prepared in ethanol decrease slightly. As column-like structures are destroyed when the highest pulse numbers are applied in air, the coverage decreases.
The femtosecond case
The electron microscope images of the samples prepared with the fs laser are shown in Fig. 4 . At the lowest pulse numbers globular particles appear. As pulse number is increased a ripple-like structure develops. The developing stripes act as background for initiative of pillars emerging at higher pulse numbers. The background ambient plays role not only in the size and density of these pillars, but also influences the width of the stripes. In case of the spots treated in air the stripes seem to be equidistant in the middle, and they are rarely covered with columns (Fig. 4.  a) ). However, we have to note, that at the perimeter of the spot the stripes are densely covered with columns. The columns are most pronounced in case of the spots treated in water (Fig. 4. b3) b4) ), and the widest stripes can be observed also on these samples. However, the observed stripes emerge with different width, i.e. the structure does not seem to be periodic. Samples prepared in ethanol (Fig.  4.c) ) show low numbers of columns, while they are characterized by the finest stripe system.
To characterize the observed ripple like structure 512 × 512 pixel sized parts have been cropped and Fourier transformed from the SEM images. The transformed images, presented in Fig. 5 , support the observations that the periodic ripples develop at around 36 and 144 pulse number in case of the samples treated in air and ethanol, respectively, as distinct maxima appear first at these pulse numbers. The Fourier transformed images of the two series differ, as the maxima are less sharp and are placed more rarely in case of the ethanol treated spots. In accordance with the observation that stripes with different width appear in case of the samples prepared in water, the Fourier transform does not exhibit a well defined maxima, but instead a ring like structure appears on the transformed image. This is the consequence of a less well defined, rather amorphous structure developing on these samples. To qualitatively characterize the ripples, their width have been determined from the Fourier transformed images by determing the spatial frequency belonging to the maxima in case of the samples treated in air and ethanol.
In case of ethanol treated sample data is not presented for 36 pulse number, as periodic structure was not observed on this sample. The ripple width values are plotted in Fig.6 , where error bars present the full width at half maximum (FWHM) values. As can be seen ripples with smaller width develop in case of the air treatment. Furthermore, the ripple width decreases in both ambients with pulse number, which is followed by the increase of FWHM values.
Fractal dimension and coverage of the samples irradiated with fs laser pulses are plotted in Fig. 7 a) and b) , respectively. Tendencies observed for the two data are similar: in case of air and water treated samples the two data increase at low pulse numbers and show saturation at higher pulse numbers. In case of ethanol treated samples the first pulse numbers decrease slightly the fractal dimension and cover age, but at higher pulse numbers the values increase and saturate.
Discussion
In case of irradiation of metal surfaces with laser pulses the volume of interaction can be characterized via the penetration depth of light. Penetration depth of a given material strongly depends on the wavelength of irradiating light. In the present study besides pulse length the central wavelength and pulse energy was different for the two lasers. Due to the different wavelengths the penetration depth of the ps laser is 1.64 times as large as that of the fs laser (20 nm, 12 nm [20] ) and due to the different pulse energies the fluence of the ps laser is 0.577 smaller than that of the fs laser (22 fs: 2.2•10 14 J/cm 2 , 600 fs: 1.27•10 12 J/cm 2 ). Thus penetration depth and fluence values of the two experiments were different, but were in the same order. However the two sources differed significantly in their intensities (22 fs: 1•10 14 W/cm 2 , 600 fs: 2.12•10 12 W/cm 2 ) due to the considerable difference in pulse length. These together suggest that the significant differences observed in the results of the two experimental series are mainly due to the difference in the pulse length of the two applied lasers.
In case of the sub-ps pulses, the pulse length (FWHM 600 fs) is larger than the onset time of the electron-phonon scattering [21, 22] , therefore the electron-phonon coupling, i.e. energy transfer to the lattice might start. According to our observations this results in the formation of micrometer-sized pillar-like structures at this laser fluence (1.272 J/cm 2 ). In case of irradiation in water and ethanol the coverage of the surface with the columns and the fractal di- mension of the SEM images showed increase and saturation. Unfortunately in case of dry irradiation high pulse numbers result in significant surface damages and particle evaporation reflected by steep decrease in fractal dimension and coverage. The observation that surface damage does not occur in the liquid ambient at same fluence than air ambient might be attributed to the presence of uncompressible ambient, which does not allow the free spreading of the plasma plume [23] .
In case of the fs pulses, the pulse length (22 fs) is shorter than the time needed for energy transfer between the electron subsystem and lattice to take place within the pulse length. Therefore energy is not transferred to the lattice, ablation occurs in the oxide layer covering vanadium due to Coulomb explosion and solid-vapor transition [24] in the metal according to intensity distribution determined by interference [25] . Interference appears between the incoming wave and the wave scattered by surface structures [25] , appearing in the form of globular particles (Fig. 4 a1) b1) ) and c1)) due to the first 10-36 pulses.
Based on the observation that nanostructured columns could be observed rather in case of longer pulses, when intensities are smaller and electron-phonon interaction might just start [21, 22] , we can conclude that formation of these pillars in case of vanadium is mainly driven by the just starting thermally based processes, also shown on single crystal alloy CMSX-4 [24] .
Conclusion
In this work the morphology of vanadium surfaces treated with fs and sub-ps lasers was analyzed. We found that laser irradiation with rather different pulse lengths results in fundamentally different surface structures. When the pulse length (600 fs) was enough for the electron-phonon coupling to start micrometer-sized column-like structure were observed, while in case of shorter laser pulses (22 fs) the ripple-like structure appear with only the initiative of the columns on their top. Furthermore we have shown that the coverage of the surface with the columns and the periodicity of the ripples are influenced by the chemical composition of the ambient.
